Fat is the largest endocrine organ in the human body and has a complex connection with bone. In the past, it was widely accepted that fat was a protective factor for bone mass. The loading effect caused by fat mass cooperates with that of muscle mass and can protect the bone mineral density (BMD) from declining[@b1]. However, recent studies have challenged the conventional standpoint which states that fat might be a beneficial factor for bone health. One study carried out in 197 elderly patients showed that fracture risk was positively related to the fat mass in the bone marrow[@b2], and this viewpoint gained support from additional researches. According to these studies, negative associations between fat mass and bone tissue have been demonstrated in children, men, and pre-and post-menopausal women[@b3][@b4][@b5][@b6][@b7][@b8][@b9].

Recently, visceral adipose tissue (VAT) has gained increasing attention on the basis of robust evidence linking VAT and insulin resistance, metabolic syndrome, dyslipidaemia, cardiovascular disease, hypertension, and cancer[@b10][@b11][@b12][@b13][@b14]. In addition, according to Cohen's study, VAT has been shown to show the most significant association with lower BMD; post-menopausal women with more VAT showed a significant decline in both BMD and microarchitecture, and also the bone regeneration rate was greatly suppressed[@b15]. Furthermore, the similar result was found in Júnior's study, who found that BMD was negatively correlated with VAT[@b16]. These results all indicated that VAT might have a negative effect on bone, and the adipokines might be responsible.

To date, many adipokines have been found to participate in bone metabolism. Most of them act as promoting factors on osteogenic differentiation, for instance, adiponectin[@b17], visfatin[@b18], omentin-1[@b19][@b20] and resistin[@b21]. However, the effect of vaspin on osteogenic differentiation still needs to be illuminated.

Vaspin is a secretory protein which is mainly synthesised in the visceral fat tissue; however, its expression has also been reported in the liver, pancreas, and skin[@b22][@b23]. The expression of vaspin could be affected by many factors, including gender, age, obesity and so on[@b24][@b25][@b26]. Fazeli found that the serum vaspin concentration was significantly increased in patients with colorectal cancer[@b27]. Li and colleagues found that a single nucleotide polymorphism in the vaspin gene was closely related to coronary heart disease[@b28]. Kukla's study showed that serum vaspin concentration could be a predictive factor of hepatic fibrosis[@b29]. This discovery was further confirmed by *in vitro* studies, where research found that vaspin could inhibit the osteoclastogenesis of RAW264.7 cells[@b30]; our previous study showed that vaspin could attenuate apoptosis in human osteoblasts through the ERK signalling pathway[@b31]. However, the effect of vaspin on osteogenesis is still unclear. Therefore, the aim of this study is to determine the effect and mechanisms of vaspin on the osteogenic differentiation of MC3T3-E1 cells, a well-defined pre-osteoblast in investigating osteogenesis[@b32][@b33].

Results
=======

Vaspin attenuated the osteogenic differentiation of MC3T3-E1
------------------------------------------------------------

It is widely accepted that alkaline phosphatase (ALP) activity, osteocalcin (OC) secretion, and Runx2 protein expression are important markers of osteogenic differentiation. In the present study, we determined the alterations of these markers in premature osteoblasts (MC3T3-E1) after vaspin administration in order to determine the effect of vaspin on osteogenic differentiation. Our data demonstrated that treatment with vaspin significantly inhibited ALP activity and the suppression was dose-dependent. In MC3T3-E1 cells, significant inhibition by vaspin was first observed at 1 ng/ml and the inhibition effect peaked at 100 ng/ml. Details of the effects of vaspin on ALP activityin MC3T3-E1 cells are shown in [Fig. 1A](#f1){ref-type="fig"}. OC secretion was determined by radioimmunoassay; [Fig. 1B](#f1){ref-type="fig"} shows that vaspin significantly decreased the secretion of OC. The expression of Runx2 protein was determined by western blotting, which gave results similar to those of ALP activity and OC secretion in MC3T3-E1 cells. The expression of Runx2 was significantly inhibited after treatment with vaspin ([Fig. 1C,D](#f1){ref-type="fig"}). [Figure 1E](#f1){ref-type="fig"} shows an entire plate of cells stained with Alizarin Red S, indicating that the treatment of MC3T3-E1 cells with 100 ng/ml vaspin in culture for 20 days significantly decreased the level of mineralised nodule formation.

MiR-34c expression was increased during vaspin administration
-------------------------------------------------------------

To understand the miRNAs that are potentially involved in osteogenic differentiation after vaspin administration, we analysed the expression of miRNAs using an established microarray plat form that contained probe sequences for 1281 mature mouse miRNAs. Eight of them were up-regulated obviously and eight of them were down-regulated notably during the differentiation stage ([Fig. 2A](#f2){ref-type="fig"}). From the most up-regulated miRNAs, miR-34c was selected for further investigation since previous studies have demonstrated that miR-34c might be involved in osteoblast differentiation[@b34]. The qRT-PCR results confirmed that the expression of miR-34c was elevated in MC3T3-E1 cells after vaspin administration ([Fig. 2B](#f2){ref-type="fig"}).

MiR-34c facilitates the inhibitory effect of vaspin on MC3T3-E1 osteogenic differentiation
------------------------------------------------------------------------------------------

To determine the role of miR-34c in vaspin-treated MC3T3-E1 cells, gain-of-function and loss-of-function models were employed. MC3T3-E1 cells were transfected with miR-34c mimics and inhibitors, and qRT-PCR confirmed the successful over-expression and down-regulation of miR-34c level ([Fig. 3A](#f3){ref-type="fig"}). Then, the cells were cultured in the α-MEM medium with 100 ng/ml vaspin. Compared to the control group, the ALP activity and Runx2 expression were increased in the miR-34c down-regulation group ([Fig. 3B--D](#f3){ref-type="fig"}), and decreased in the over-expressed group after vaspin administration ([Fig. 3E--G](#f3){ref-type="fig"}). These results indicated that miR-34c facilitated the inhibitory effect of vaspin on MC3T3-E1 osteogenic differentiation.

The target of miR-34c
---------------------

As mentioned previously, vaspin administration could cause an increase of miR-34c as well as a decrease of Runx2 expression. Also, according to Zhang, there is a binding site for miR-34c in the 3′ UTR region of Runx2 mRNA[@b34], so we suspect that Runx2 might be the target of miR-34c during the osteogenic differentiation modulated by vaspin. In order to confirm that, we used the miRNA mimics and inhibitors to build the over-expression and down-expression model, respectively. We found that the Runx2 protein expression was increased in the down-expression model while decreased in the over-expression model ([Fig. 4A--D](#f4){ref-type="fig"}). However, the mRNA expression had no significant difference in all groups ([Fig. 4E](#f4){ref-type="fig"}). Moreover, the luciferase reporter further certified that the Runx2 was the target of miR-34c. A luciferase reporter containing the wild-type (WT) or mutant (MUT) 3′-UTR coding sequences for Runx2 was generated and introduced with miR-34c mimics into MC3T3-E1. Overexpression of miR-34c significantly repressed the luciferase activity of the WT-3′-UTR of Runx2 reporter plasmids but not that of the MUT-Runx2-3′-UTR reporters. Control mimics didn't affect the wild-type or mutant constructs, confirming the specificity of the action ([Fig. 4F](#f4){ref-type="fig"}). These results confirmed that miR-34c is involved in the osteogenic regulation of vaspin by post-transcriptionally repressing the expression of Runx2.

Vaspin activates the PI3K-Akt and ERK signalling pathways in MC3T3-E1 cells
---------------------------------------------------------------------------

The PI3K-Akt and ERK signalling pathways play essential roles in the biological function of osteoblasts, such as the proliferation and apoptosis[@b35][@b36]. They are also involved in the osteogenic differentiation of MC3T3-E1 cells[@b37][@b38][@b39]. To clarify the effects of vaspin on activation of the PI3K-Akt and ERK signalling pathways in MC3T3-E1 cells, the expression of phosphorylated Akt (p-Akt) and phosphorylated ERK (p-ERK) was determined in the vaspin-treated MC3T3-E1 cells. Our data demonstrated that Akt was significantly phosphorylated by vaspin, and activation occurred 5 min after the start of incubation, peaking at 15 min ([Fig. 5A](#f5){ref-type="fig"}). Similar results were observed in the ERK signalling pathway, which showed that ERK was phosphorylated by vaspin, and the activation occurred 5 min after vaspin treatment, peaking at 30 min ([Fig. 5B](#f5){ref-type="fig"}).

The PI3K-Akt signalling pathway inhibitor LY294002 attenuates the osteogenic inhibitory effect of vaspin
--------------------------------------------------------------------------------------------------------

To further confirm the effect of the PI3K-Akt and ERK signalling pathway during the osteogenic differentiation downstream regulation of vaspin, we used the specific inhibitor of the PI3K-Akt signalling pathway, LY294002, and the ERK signalling pathway, PD98059, to pre-treat the MC3T3-E1 cells before treatment with vaspin. [Figure 6A,B](#f6){ref-type="fig"} showed that pre-treatment with LY294002 or PD98059 could diminish the activation of Akt or ERK caused by vaspin, respectively. Moreover, after incubating with vaspin, MC3T3-E1 cells pre-treated with LY294002 showed a higher level of ALP activity, OC secretion and Runx2 protein expression ([Fig. 6B--E](#f6){ref-type="fig"}). However, pre-treatment with PD98059 did not attenuate the effect of vaspin on ALP activity, OC secretion and Runx2 expression ([Fig. 6B--E](#f6){ref-type="fig"}). This result indicates that the PI3K-Akt signalling pathway participates in the osteogenic modulation of vaspin, but the ERK signalling pathway does not.

The PI3K-Akt signalling pathway inhibitor LY294002 attenuates the expression of miR-34c
---------------------------------------------------------------------------------------

Evidence proved that numerous signalling pathways are involved in the modulation of miRNA expression, such as the TGF-β, PI3K-Akt, and ERK pathways[@b40]. In our present study, we found that vaspin could activate the PI3K-Akt signalling pathway and increase the expression of miR-34c at the same time. This result suggested that there was a correlation between the PI3K-Akt pathway and miR-34c expression. To further investigate the effect of the PI3K-Akt signalling pathway on the expression of miR-34c downstream of vaspin, we used LY294002 to pre-treat MC3T3-E1 cells. After incubating with vaspin, MC3T3-E1 cells pre-treated with LY294002 showed a decrease in the expression of miR-34c compared to the group without pre-treatment ([Fig. 7A](#f7){ref-type="fig"}). Therefore, miR-34c might be a downstream element of the PI3K-Akt signalling pathway in this procedure, and blocking the PI3K-Akt pathway could decrease the expression of miR-34c and diminish the inhibitory effect of vaspin on the osteogenic differentiation of MC3T3-E1 cells as a result.

MiR-34c alleviates the activation of the PI3K-Akt signalling pathway
--------------------------------------------------------------------

To clarify the effect of miR-34c on activation of the PI3K-Akt signalling pathway, we investigated the level of p-Akt in the miR-34c down-expression model. We found that after transfection of the miR-34c inhibitor, miR-34c expression was remarkably decreased when compared to the control group ([Fig. 3A](#f3){ref-type="fig"}). Meanwhile, the p-Akt level was significantly increased after transfection of the miR-34c inhibitor ([Fig. 7B,C](#f7){ref-type="fig"}). This result indicates that miR-34c can inhibit activation of the PI3K-Akt signalling pathway.

MiR-34c attenuates the expression of c-met
------------------------------------------

c-met is a transmembrane tyrosine kinase receptor which can phosphorylate the substrate and activate multiple signalling pathways such as PI3K-Akt and MAPK[@b41][@b42]. Meanwhile, c-met is also the target gene of miR-34c[@b43][@b44][@b45]; the over-expression of miR-34c could inhibit the c-met level and vice versa. Therefore, we assumed that c-met might be the pivot that combines the PI3K-Akt pathway and miR-34c in MC3T3-E1 cells.

To confirm this hypothesis, we determined the expression of c-met in the miR-34c down-expression model. We found that down-expression of miR-34c could increase expression of the c-met protein instead of c-met mRNA ([Fig. 8A--C](#f8){ref-type="fig"}). Meanwhile, the expression of c-met dramatically decreased after treatment with vaspin in MC3T3-E1 cells, and this effect could be attenuated by knockdown of miR-34c ([Fig. 8D](#f8){ref-type="fig"}). Thus, the variation trend of c-met protein was consistent with the p-Akt level.

To further confirm the effect of c-met on the activation of Akt, we used SU11274, an inhibitor of c-met, to observe whether c-met mediates the effect of vaspin on Akt. After blocking c-met, we found that p-Akt was significantly decreased ([Fig. 8E](#f8){ref-type="fig"}). This result indicates that c-met might be the central junction of miR-34c and p-Akt.

Discussion
==========

In the present study, we found that vaspin could attenuate the osteogenic differentiation of preosteoblasts MC3T3-E1 cells in a dose-dependent manner, and the PI3K-Akt/miR-34c regulation loop might be the mechanism involved.

So far, numerous adipokines have been found, such as adiponectin, leptin, resistin, omentin, vaspin etc. They participate in multiple biological processes and play pivotal roles in human homeostasis. However, the relationship between those adipokines and bone metabolism is still unclear[@b46]. For example, adiponectin was found to have a promoting effect on osteogenic differentiation, but in the clinical investigations, the serum adiponectin concentration was negatively related to BMD[@b47][@b48]. Moreover, some studies have found that leptin could promote osteogenesis, while others showed its negative effect on bone mass; this paradoxical result is partly due to the different methods of administration[@b49][@b50]. Also, the role of some adipokines, such as vaspin and chemerin, in bone metabolism is still unclear. Here, our study showed for the first time that vaspin could attenuate the osteogenic differentiation of MC3T3-E1 in a dose-dependent manner; it is very important for us to have a better understanding of the relationship between adipokines and bone metabolism.

MiR-34c is a member of the miR-34 family and has been widely studied in oncogenesis, kidney fibrosis, Alzheimer's disease and so on[@b51][@b52][@b53]. In past studies, lots of evidence has confirmed the critical role of miR-34c on bone metabolism. Palmieri found that the expression of miR-34c elevated in the Anatase coating induced bone formation[@b54]. Bae and colleagues also found that miR-34c was significantly increased in BMP-2-induced osteoblastic differentiation[@b55]. *In vivo*, osteoblast-specific gain of miR-34c in mice led to a decrease of osteoblastogenesis and caused age-dependent osteoporosis as the final result[@b55]. Our results demonstrated that miR-34c was expressed in MC3T3-E1 cells and its expression was greatly increased after vaspin administration. This finding suggested that miR-34c might be responsible for vaspin modulating the osteogenic differentiation of MC3T3-E1 cells. This suggestion was further confirmed by loss-of-function and gain-of-function experiments. Repression of the miR-34c level could attenuate the inhibitory effect of vaspin on osteogenesis and vice versa. These results all indicated that vaspin might inhibit osteogenic differentiation by elevating miR-34c expression.

MicroRNAs regulate biological activities through modulation of target genes. The seed region at the 5′ end of a miRNA can bind to the 3′UTR site of its target mRNA through sequence-specific base pairing and attenuate gene expression as a result. According to the Targetscan website, 516 genes are forecasted to be the putative targets of miR-34c, many of which have been identified by experiments. Runx2 is a transcription factor that plays a critical role in osteogenesis. Runx2 modulates the expression of multiple bone-related genes such as type I collagen, OC, and bone sialoprotein[@b56]. Also, Komori and colleagues found a complete lack of bone formation in Runx2-deficient mice due to the arrest of osteoblast maturation[@b57]. These findings confirmed the indispensible status of Runx2 in osteogenesis.

The previous studies have identified Runx2 as a target of miR-34c in MC3T3-E1 and osteosarcoma cells[@b34][@b58]. In our experiment, we found that the Runx2 level was decreased while miR-34c increased after vaspin administration. These all suggested that Runx2 might be the target of miR-34c in the osteogenic regulation of vaspin. Therefore, we briefly evaluated the effect of miR-34c on Runx2 expression. Our results showed that over-expression of miR-34c could attenuate the expression of the Runx2 protein, while low expression of miR-34c could promote the expression of Runx2. However, the mRNA level of Runx2 was not different between the groups; the luciferase reporter assay further confirmed this hypothesis. Taken together, these results suggest that miR-34c regulates the osteogenic differentiation downstream of vaspin via suppressing Runx2 at the post-transcriptional level. However, the mechanism by which vaspin elevates the level of miR-34c is still unknown and further investigation is needed.

There are two main procedures in the biogenesis of miRNAs: the cleaving of pri-miRNA into pre-miRNA in the nucleus and the cleaving of pre-miRNA hairpin into mature miRNA in cytoplasm. During the procedure, the RNase III enzymes Drosha and Dicer play essential roles[@b59]. The transcription and cleaving process of mature miRNA is a complex and delicate network that is strictly governed by multiple sets of molecules and signalling pathways such as the TGF-β, PI3K-Akt, and ERK[@b40]. To prove whether a signalling pathway is directly associated with miR-34c expression, we investigated the widely studied osteogenic-related signalling pathways PI3K-Akt and ERK after vaspin administration. The western blotting results demonstrated that incubating with vaspin led to activation of the PI3K-Akt and ERK signalling pathways in MC3T3-E1 cells. However, our previous study demonstrate vaspin could activate the ERK signaling pathway, but not Akt signaling pathway in human osteoblast[@b31]. We think the difference between different cell might be a result of different cells having different physical characteristics. MC3T3-E1 is immortalized osteoblast precursor cell line, which is a good model for studying osteoblast differentiation *in vitro*. However, human osteoblast is mature osteoblast, which is a good model for studying osteoblast physiology. Our result also showed blocking the activation of PI3K-Akt with LY294002 abolished the effect of vaspin on the osteogenic differentiation of MC3T3-E1 cells, but this was not true with the inhibitor of ERK. According to the research by Briata, the PI3K-Akt pathway intervenes in biogenesis by phosphorylating the KH-type splicing regulatory protein (KSRP). The phosphorylated KSRP binds with high affinity to the Drosha complex and facilitates the maturation of miRNA precursors[@b60]. In the present study, we found that activation of the PI3K-Akt signalling pathway was consistent with the increasing expression of miR-34c, while blocking the PI3K-Akt pathway with its specific inhibitor LY294002 could reduce the expression of miR-34c, suggesting that vaspin elevated the miR-34c level through activation of the PI3K-Akt signalling pathway.

Interestingly, we also found that the low expression of miR-34c can induce activation of the Akt pathway by increasing the p-Akt level. However, as we know, the miRNA participates in the biological procedures mainly by post-transcriptionally modulating the gene expression instead of via phosphorylation. Therefore, the strongest explanation was that there might be another target of miR-34c involved in this procedure which had tyrosine kinase activity. According to previous articles, c-met was a possible candidate.

C-met is the key factor in the HGF/c-met pathway, and is a transmembrane tyrosine kinase receptor that consists of two subunits: the α-subunit and β-subunit. The end of the β-subunit acts as a catalytic domain, mediating phosphorylation of the substrate and leading to downstream activation of the MAPK, PI3K-Akt and STAT3 signalling pathways and so on[@b42][@b61]. Previous studies have already shown that c-met signalling was regulated by several miRNAs including miR-34c[@b44][@b62]. Therefore, we suspect that c-met might be the hub of the miR-34c and PI3K-Akt signalling pathway. In order to confirm our hypothesis, we used a loss-of-function model. Our results showed that low expression of miR-34c could promote c-met protein expression which is consistent with the p-Akt level. Furthermore, our experiment confirmed that blocking c-met significantly attenuated the stimulatory effect of vaspin on the phosphorylation of Akt. Therefore, miR-34c might modulate the level of p-Akt by regulating the expression of c-met.

The effect model of miRNA is not simply "one to one"; actually, one protein may be modulated by several miRNAs while one miRNA can regulate the expression of several proteins. In our study, we found that miR-34c could regulate osteogenic differentiation by targeting two targets: Runx2 and c-met. On the one hand, vaspin-induced miR-34c elevation could decrease expression of the Runx2 protein, leading to a decline in osteogenic differentiation as a result. On the other hand, increased miR-34c expression could target the c-met protein to reduce the activation of Akt; this feedback regulation was a protective method that promised the inhibitory effect within a controllable range. Taken together, vaspin elevated miR-34c expression through activation of the PI3K-Akt pathway, while miR-34c modulated activation of the PI3K-Akt signalling pathway by targeting c-met. These results confirmed a regulatory loop of the miR-34c/PI3K-Akt pathway that participates in the osteogenic modulation downstream of vaspin ([Fig. 9](#f9){ref-type="fig"}).

In conclusion, the present study provided evidence for the first time that vaspin could inhibit the osteogenic differentiation of MC3T3-E1 cells and the novel PI3K-Akt/miR-34c regulatory loop was the possible mechanism involved. Our findings provide a better understanding of the relationship between obesity and osteoporosis.

Materials and Methods
=====================

Reagents
--------

Recombinant mouse vaspin was purchased from the Enzo Life Sciences Inc. (Farmingdale, NY, USA). Antibodies for Runx2, β-actin, Akt, p-Akt, and c-met were purchased from Santa Cruz Biotechnology Inc. (Waltham, MA, USA). Akt inhibitor LY294002 was purchased from Calbiochem Corp. (San Diego, CA, USA). MiR-34c mimics and miR-34c inhibitors and their control oligos were purchased from Ribobio Co., Ltd (Guangzhou, China). The growth medium and foetal bovine serum (FBS), penicillin, and streptomycin were purchased from Gibco-BRL Co., Ltd (Grand Island, NY, USA). Ascorbic acid and β-glycerophosphate (β-GP), and Alizarin red S were purchased from Sigma Chemical Co., Ltd (St.Louis, MO, USA). All the experimental procedures were approved by the Ethics Committee of the Second Xiangya Hospital of Central South University, China and carried out in accordance with the approved guidelines.

Cell cultures
-------------

The mouse preosteoblast cell line MC3T3-E1 (ATCC, Manassas, VA, USA) was maintained in α-minimum essential medium (α-MEM) supplemented with 10% FBS, 100 units/mL penicillin, and 100 mg/mL streptomycin in a humidified 5% CO~2~ atmosphere at 37 °C. The culture medium was changed every 2 days. Vaspin-free FBS was taken from the passage of FBS through Sepharose 4B affinity columns with the anti-vaspin antibody. Vaspin-free FBS was confirmed by western blot. To investigate the dose-dependent effect of vaspin on osteogenic differentiation of MC3T3-E1, 1 ng/ml to 100 ng/ml of vaspin was used to incubate the cells in the following experiments. The concentration of vaspin used was based on previous studies[@b31]. To explore the downstream cell signalling pathways involved in vaspin treatment, MC3T3-E1 cells were pre-treated with 10 μM PD98059 (an ERK inhibitor) or 10 μM LY294002 (a PI3K inhibitor) for 2 h prior to vaspin treatment.

Analysis of alkaline phosphatase activity, osteocalcin secretion
----------------------------------------------------------------

ALP activity, osteocalcin secretion were measured as previously described[@b63][@b64]. Briefly, the cell layers were scraped into a solution containing 20 mM Tris--HCl (pH8.0), and 150 mM NaCl, 1% TritonX-100, 0.02% NaN3 and 1 mM PMSF. After the lysates were homogenised by sonication for 20 s, the alkaline phosphatase (ALP) activity was measured following the instructions provided with the ALP kit. Osteocalcin (OC) secretion in the culture media was measured with a specific radioimmunoassay kit (DiaSorin Corp., Stillwater, MN, USA) according to the manufacturer's instructions. Protein expression was normalised to total cellular protein by Bradford protein assay.

Measurement of mineralised matrix formation
-------------------------------------------

For the induction of mineralisation, MC3T3-E1 cells were cultured in mineralisation-inducing medium, α-MEM supplemented with 50 mg/L ascorbic acid and 10 mM β-GP, with either 100 ng/ml vaspin or vehicle for 20 days. Then, the extent of mineralised matrix was determined by Alizarin Red S staining. Briefly, cells were fixed in 70% ethanol for 1 h at room temperature and stained with 40 mM Alizarin Red S for 10 min. Next, cell preparations were washed three times with PBS to eliminate nonspecific staining.

For the quantification of calcium levels, cells were rinsed in PBS and decalcified with 0.6 N HCl for 24 h. Calcium content was determined through a reaction with o-cresolphthalein, and calcium content of the cell layer was normalised to the total protein content using the Bradford protein assay.

Microarray analysis of miRNAs
-----------------------------

MC3T3-E1 cells were cultured in the absence or presence of 100 ng/ml vaspin. Then, the mirVana miRNA Isolation Kit (Ambion) was used for miRNA extraction. The μParaflo^TM^ microRNA microarray V19.0 which contained probe sequences based on the Sanger miRBase database release 19.0 (<http://www.mirbase.org>) was used for the examination of miRNA expression. Hybridisation was detected by fluorescence labelling with tag-specific Cy3 and Cy5 dyes. Microarray procedures and data analysis were performed as described[@b65]. For miRNA quantitation, the fold-change of the treatment group was obtained by normalising log 2 fluorescence with log 2 fluorescence of the control group. The normalised fold changes were analysed by dChip software (<http://dchip-surv.chenglilab.org/;Boston>, MA, USA). The results were confirmed by qRT-PCR.

qRT-PCR analysis
----------------

Total RNA was extracted by Trizol (Invitrogen, CA, USA), and then cDNA was prepared using a cDNA Synthesis Kit (Thermo Scientific, PA, USA). The PCR was performed with Maxima SYBR Green qPCR Master Mix (Thermo Scientific, PA, USA). All procedures were strictly performed following the instructions provided. Amplification and detection were performed as follows: 50 °C for 2 min, 95 °C for 10 min and then 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s. The results of qRT-PCR were automatically analysed by the Roche Light-Cycler technology. β-actin was used as the internal control of mRNA, and U6 was the control for miRNA in this experiment.

The miR-34c primer (miRQ0004580-1-2) and U6 primer (MQP-0201) used in this study were purchased from Ribobio Co., Ltd (Guangzhou, China)

Detection of Runx2 and c-met in MC3T3-E1 cells by immunoblot analysis
---------------------------------------------------------------------

To investigate the expression of Runx2 and c-met in MC3T3-E1 cells treated with vaspin, the cells layers were homogenised with RIPA lysate (Beyotime, Shanghai, China) and normalisedby BCA kit (Beyotime, Shanghai, China). Equal amounts of protein were submitted to SDS-PAGE and transferred onto 0.45 mm PVDF membranes (Pall, USA) to be stained with appropriate antibodies: anti-Runx2 (dilution1:200), -c-met (dilution 1:200) and -β-actin (dilution 1:400) antibodies. The reaction was visualised by chemiluminescence using an ECL kit (Thermoscientific Pierce, USA).

Detection of ERK1/2 and Akt activation in MC3T3-E1 cell
-------------------------------------------------------

To determine the effects of vaspin on activation of the signalling pathway, western blotting analysis was performed as above using anti-p-ERK, -ERK, -p-Akt, and -Akt antibodies, as described above.

Cell transfection
-----------------

[](#t1){ref-type="table"}For transient transfection of miR-34c mimics or miR-34c inhibitors, a combination of oligos and Lipofectamine 2000 were mixed gently following the manufacturer's instructions and added to cells in 6-well plates at a density of 1 × 10^6^ cells per well. The medium was changed back to growth medium with or without 100 ng/ml vaspin 6 h after transfection.

Luciferase reporter assay
-------------------------

To construct wild-type 3′-UTR (WT-pGL3), a segment of mouse Runx2 gene was amplified from mouse genomic DNA and inserted into the XbaI-FseI site in the pGL3-Control Firefly Luciferase reporter vector. To construct mutant 3′-UTR (MUT-pGL3), the QuickChange site-directed mutagenesis kit (Stratagene) was used to induce the point mutation in the UTR region of WT-pGL3. Plasmid DNA was sequenced for authenticity. The PCR and mutagenic primer sequences are shown in [Table 2](#t2){ref-type="table"}.

MC3T3-E1 cells were co-transfected with luciferase reporter carrying WT-pGL3 or MUT-pGL3 and miR-34c mimics or control mimics. Then, 48 hours after transfection, luciferase activity in each group was detected with the luciferase assay system (Promega).

Statistical analysis
--------------------

Results were presented as mean ± standard deviation (SD), and analysis was performed with Statistical Product and Service Solutions (v18.0). Differences between groups were evaluated by one-way analysis of variance (ANOVA). The data shown were based on three independent experiments. A level of p \< 0.05 was considered significant.
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![Effects of vaspin on the osteogenic differentiation of MC3T3-E1 cells.\
(**A**) Effect of vaspin on ALP activity. The cells were treated with vehicle or vaspin (1--100 ng/mL) for 48 h. ALP activity was measured by an ALP kit, normalised to the cellular protein contents. (**B**) Effect of vaspin on OC secretion. The cells were treated with vehicle or vaspin (1--100 ng/mL) for 48 h. OC secretion was determined by radioimmunoassay, normalised to the cellular protein contents. (**C,D**) Effect of vaspin on Runx2 protein expression. The cells were treated with vehicle or vaspin (1--100 ng/mL). The expression of Runx2 protein was measured by western blotting. The data are presented as densitometric ratios of Runx2/β-actin. (**E**) A representative entire plate view of the Alizarin Red S staining in 24-well plates for control cells and cells treated with100 ng/ml vaspin in 20-day cultures. (**F**)Quantification of Alizarin Red S stain via extraction with cetyl-pyridinium chloride. The amount of released dye was quantified by spectrophotometry at 540 nm. The bars represent the mean ± SD (n = 3; \**p* \< 0.05 vs. control).](srep25578-f1){#f1}

![Microarray analysis of miRNA expression after vaspin administration in MC3T3-E1 cells.\
The cells were treated with or without 100 ng/ml vaspin. (**A**) Total RNA was isolated and expression of miRNAs was analysis by a microarray platform. (**B**) MiR-34c expression was determined by real-time quantitative polymerase chain reaction (qRT-PCR). Results are presented as fold of U6 expression as a control. Bars present mean ± SD (n = 3; \**p* \< 0.05 vs. control).](srep25578-f2){#f2}

![Effect of miR-34c during the regulation of vaspin on MC3T3-E1 cell osteogenic differentiation.\
(**A**) Over-expression and down-regulationof miR-34c in MC3T3-E1 cells. MC3T3-E1 cells were transfected with miR-34c mimics or miR-34c inhibitor or their control oligos, respectively. The expression of miR-34c was determined by qRT-PCR analysis. Results are presented as fold of U6 expression. (**B--D**) Effect of down-regulated miR-34c on the osteogenic differentiation of MC3T3-E1 cells treated with vaspin. MC3T3-E1 cells were transfected with control inhibitor or miR-34c inhibitor and then treated with 100 ng/ml vaspin for 48h, respectively. ALP activity was measured by an ALP kit, normalised to the cellular protein contents, and the Runx2 protein expression was measured by western blotting, respectively. The data are presented as densitometric ratios of Runx2/β-actin. (**E--G**) Effect of over-expressed miR-34c on the osteogenic differentiation of MC3T3-E1 cells treated with vaspin. MC3T3-E1 cells were transfected with control mimics or miR-34c mimics and then treated with 100 ng/ml vaspin, respectively. ALP activity was measured by an ALP kit, normalised to the cellular protein contents, and the Runx2 mRNA and protein expressions were measured by qRT-PCR and western blotting. The data are presented as densitometric ratios of Runx2/β-actin. The results are presented as mean ± SD (n = 3; \**p* \< 0.05 vs. control).](srep25578-f3){#f3}

![Runx2 is the target of miR-34c.\
(**A,B**) Influence of over-expressed miR-34c on Runx2 protein expression. MC3T3-E1 cells were transfected with scramble mimics or miR-34c mimics respectively, and the expression of Runx2 protein was determined by western blotting. The data are presented as densitometric ratios of Runx2/β-actin. (**C,D**) Influence of down-regulated miR-34c on Runx2 protein expression. MC3T3-E1 cells were transfected with control inhibitor or miR-34c inhibitor, respectively, and the expression of Runx2 protein was determined by western blotting. The data are presented as densitometric ratios of Runx2/β-actin. (**E**). Influence of miR-34c on Runx2 mRNA expression. MC3T3-E1 cells were transfected with control mimics or miR-34c mimics, control inhibitor or miR-34c inhibitor, respectively, and the expression of Runx2 mRNA was determined by qRT-PCR analysis. Results are presented as fold of control. (**F**) MC3T3-E1 cells were co-transfected with the luciferase reporter carrying WT-Runx2-3′-UTR or MUT-Runx2-3′-UTR, and miR-34c mimics or control mimics. The luciferase activity wasmeasured 48 h after transfection; the data are presented as ratios of Firefly luciferase values/Renilla luciferase values. The results are presented as mean ± SD (n = 3; \**p* \< 0.05 vs. control).](srep25578-f4){#f4}

![Effects of vaspin on PI3K-Akt and ERK activation in MC3T3-E1 cells.\
(**A**) Effect of vaspin on PI3K-Akt activation. MC3T3-E1 cells were exposed to 100 ng/ml vaspin for 0--60 min for Akt activation. Cell lysates were subjected to western blotting and incubated with antibodies against p-Akt, and Akt. (**B**) Effect of vaspin on ERK activation. MC3T3-E1 cells were exposed to 100 ng/ml vaspin for 0--60 min. Cell lysates were subjected to western blotting and incubated with antibodies against p-ERK, and ERK. The representative results are shown.](srep25578-f5){#f5}

![The PI3K-Akt signalling pathway mediates the inhibitory effect of vaspin on osteogenic differentiation of MC3T3-E1 cells.\
(**A**) Blocking of the PI3K-Akt signalling pathway with LY294002. MC3T3-E1 cells were incubated with LY294002 for 2 h prior to treatment with 100 ng/ml of vaspin for 15 min. Total proteins were subjected to western blotting and incubated with antibody against p-Akt and Akt. (**B**) Blocking of the ERK signalling pathway with PD98059. MC3T3-E1 cells were incubated with PD98059 for 2 h prior to treatment with 100 ng/ml of vaspin for 30 min. Total proteins were subjected to western blotting and incubated with antibody against p-ERK and ERK. The representative results are shown. (**C--F**) The PI3K-Akt pathway mediated the inhibitory effect of vaspin during the osteogenic differentiation of MC3T3-E1 cells, but the EKR signalling pathway did not. MC3T3-E1 cells were incubated with LY294002 or PD98059 for 2 h prior to treatment with 100 ng/ml of vaspin. The ALP activation (**C**), OC secretion (**D**) and Runx2 protein expression (**E,F**) were measured. The bar indicates mean ± SD (n = 3; \**p* \< 0.05 vs. control).](srep25578-f6){#f6}

![The relationship between Akt and miR-34c.\
(**A**) Effect of PI3K-Akt signalling pathway on the expression of miR-34c. MC3T3-E1 cells were incubated with or without LY294002 for 2 h prior to treatment with 100 ng/ml of vaspin. miR-34c expression was determined by qRT-PCR. Results are presented as fold of U6 expression. (**B,C**) Effect of miR-34c on activation of the PI3K-Akt signalling pathway. MC3T3-E1 cells were transfected with control inhibitor or miR-34c inhibitor respectively, and expression of the p-Akt protein was determined by western blotting. The data are presented as densitometric ratios of p-Akt/Akt. The bar indicates mean ± SD (n = 3; \**p* \< 0.05 vs. control).](srep25578-f7){#f7}

![C-met mediates the vaspin-induced phosphorylation of Akt.\
(**A,B**) Effect of miR-34c on c-met protein expression. MC3T3-E1 cells were transfected with control inhibitor or miR-34c inhibitor respectively, and the expression of c-met protein was determined by western blotting. The data are presented as densitometric ratios of c-met/β-actin. (**C**) Effect of miR-34c on c-met mRNA expression. MC3T3-E1 cells were transfected with control inhibitor or miR-34c inhibitor, respectively, and the expression of c-met mRNA was determined by qRT-PCR analysis. Results are presented as fold of control. (**D**) The MC3T3-E1 cells were treated with vaspin, and the cells transfected with miR-34c inhibitor or its control were treated with 100 ng/ml vaspin; the expression of c-met protein was determined by western blotting. (**E**) The MC3T3-E1 cells were incubated with SU11274 for 2 h prior to treatment with 100 ng/ml of vaspin; cell lysates were subjected to western blotting and incubated with antibodies against p-Akt, and Akt. The representative results are shown. The results arepresented as mean ± SD (n = 3; \**p*\< 0.05 vs. control).](srep25578-f8){#f8}

![Vaspin modulates the osteogenic differentiation of MC3T3-E1 cells through PI3K-Akt/miR-34c loop.](srep25578-f9){#f9}

###### The primers for mRNA used in this study were as follows.

  Gene name                       pimer                         
  ------------------------------- ---------------------------- ---
  Runx2                           5′-CACTGGCGGTGCAACAAGA-3′     
  5′-TTTCATAACAGCGGAGGCATTTC-3′                                
  c-met                           5′-CACTGGCGGTGCAACAAGA-3′     
  5′-TTTCATAACAGCGGAGGCATTTC-3′                                
  β-actin                         5′-GCGTGACATCAAAGAGAAGC-3′    
  5′-AGCACTGTGTTGGCATAGAG-3′                                   

###### Nucleotide sequences of primers for construct and mutation of plasmids.

  Name                                       Primers
  ------------------------------------------ -------------------------------------
  WT Runx2                                   5′-GCTCTAGAGGCCAGCCAAGGATGCCAGAC-3′
  5′-GGCCGGCCAACCAACCCAGGGCGGAGA-3′          
  MUT Runx2                                  5′-GCGGAGAGACCATGAAGAAAATACTTTAG
  TGGTGATAAAAATAAATTTTGGATTTCAATTTCTTGA-3′   
  5′-TCAAGAAATTGAAATCCAAAATTTATTTTTATCA      
  CCACTAAAGTATTTTCTTCATGGTCTCTCCGC-3′        

[^1]: These authors contributed equally to this work.
